Introduction {#s1}
============

There are numerous published studies on the link between smoking and COVID-19, the respiratory illness caused by the SARS-CoV-2 virus, but as Berlin et al. note, there is uncertainty about what conclusions to draw.^[@CIT0001]^ Evidence from hospital COVID-19 cases in China,^[@CIT0002]^ Padova, Italy,^[@CIT0003]^ and New York City^[@CIT0004]^ suggest that smoking prevalence may be lower compared with the general population. Lippi and Henry,^[@CIT0005]^ in a meta-analysis of five studies, found no significant association between smoking and increased risk of developing severe COVID-19. In contrast, a meta-analysis by Vardavas and Nikitara,^[@CIT0006]^ and another recent meta-analysis of 19 papers comparing the risk of progression of COVID-19 among smokers relative to individuals that never smoked,^[@CIT0007]^ concluded that smoking is most likely associated with increase severity and poorer outcomes of COVID-19.

The relationship between smoking and COVID-19 is further complicated when considering that smoking is known to increase the occurrence of multiple respiratory illnesses^[@CIT0008]^ and can lead to an increased risk of lung cancer.^[@CIT0009]^ One factor associated with progression of COVID-19 pneumonia is a patient's smoking history.^[@CIT0010],[@CIT0011]^ However, the observation of reduced prevalence of smoking among hospitalized COVID-19 cases has resulted in the hypothesis that the intake of nicotine or other constituents in smoke by active smokers may reduce the likelihood of developing COVID-19 disease,^[@CIT0003],[@CIT0005],[@CIT0012]^ although no mechanism to explain how this might happen exists. Clues may lie with the nicotinic receptor.^[@CIT0013]^

Methods {#s2}
=======

An ecological study was conducted including European Union (EU) and Eurozone (EURO) nations. Cognizant that these areas have rich cultural diversity, including smoking habits, we wanted to ascertain any link between the occurrence of COVID-19 cases per million people as of May 30, 2020 and smoking prevalence across the general population using regression analysis and controlling for confounding factors such as economic activity, the rate of COVID-19 testing, and strength of COVID-19 control policies. Furthermore, we investigated the association between smoking prevalence and COVID-19 mortality per million people, through regression analysis controlling for COVID-19 cases per million people as well as other confounding factors.

The study included 38 European, 27 EU, and 19 EURO nations ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). All data were obtained from Our World in Data on May 30, 2020. Total COVID-19 cases, deaths, and tests reported on this date were converted to values per million people to control for population size. Smoking prevalence was measured using the 2016 prevalence rate or percentage of smokers among the adult population and converted to the number of smokers per million people. The variable "proportion of the population \> 65 years of age" was constructed in a similar way to reflect the proportion of elderly people in the population. Economic activity was measured using, as a surrogate, gross domestic product (GDP). Policies in the European nations were controlled using the maximum COVID-19 Response Stringency-Index (SI) version 6 (May 28, 2020) that a nation reached from January 1, 2020 to May 27, 2020 ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) as well as a measure of delay of enactment of COVID-19 control policies measured by the number of days until the occurrence of the first nonzero value in the SI from January 1 when nations could have acted.

Results {#s3}
=======

[Supplementary Table S2](#sup1){ref-type="supplementary-material"} shows some initial descriptive statistics of the top five high and low smoking prevalence nations. At one extreme, 43.4% of the adult population of Greece smokes, but it had the lowest prevalence of COVID-19 cases per million people (280) on May 30, 2020, but on the other extreme is Iceland, with only 14.7% of its population that smokes, but with a prevalence of COVID-19 cases per million people that is 19 times larger than that of Greece. The five nations with the highest smoking prevalence are located in the eastern part of Europe with an average smoking prevalence of 39.5% of the adult population, 1084 COVID-19 cases per million, 29 COVID-19 deaths per million people, 29,375 tests per million people and an average GDP per capita of \$18,733. In contrast, the five nations with the lowest smoking prevalence are from the wealthier part of Europe. These countries have an average smoking prevalence rate of 18.6% (i.e., almost 50% lower), an average GDP per person of \$49 100 (i.e., a 2.6 times higher standard of living), an average of 2754 COVID-19 cases per million people (i.e., 2.5 times larger), 133 COVID-19 mortalities per million people (i.e., 4.7 times higher), and have conducted 77 546 COVID-19 tests per million people (i.e., 2.6 times more). In terms of policy to contain the spread of COVID-19, the top five smoking prevalence nations have a higher maximum SI on average and less delay to act, as measured by the number of days since first policy enactment as per the SI. The simple Pearson's linear correlation coefficient between smoking prevalence and the prevalence of COVID-19 cases (in logs) is −0.575 (*p* \< 0.0001) with 95% confidence interval (−0.756, −0.313).

Regression results for 36 European nations, due to missing SI values for two nations, showed an explained variation of approximately 58% in the prevalence rate of COVID-19 cases per million people across these diverse nations by the independent variables ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Nations with a higher number of smokers per million people showed fewer COVID-19 cases per million people (*p* = 0.001; [Figure 1](#F1){ref-type="fig"}), after controlling for the confounding factors. High smoking prevalence was associated with a lower prevalence of COVID-19 per million people and vice versa. The effect size indicated that a nation that had 10% more smokers per million people experienced a 15% lower COVID-19 prevalence per million people for the 36 European nations. This size effect increased to 16% for the EU nations (*p* = 0.0287) and to 22% for the Eurozone nations (*p* = 0.0086). [Figure 1](#F1){ref-type="fig"} shows that high smoking prevalence and a low prevalence of COVID-19 cases occurred mostly in Eastern European nations, whereas low smoking prevalence and a high occurrence of COVID-19 cases per million people occurred in wealthier European nations, after adjusting the prevalence rate of COVID-19 cases for the impact of confounding factors (and reconfirming the descriptive statistics in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

![Number of smokers versus COVID-19 cases in European nations. All variables were transformed to natural logarithms. COVID-19 cases per million people was adjusted for the influence of other confounding factors and standardized against standardized number of smokers per million people. The partial correlation coefficient is −0.576 (*p* \< 0.001) with a 95% confidence interval (−0.761, −0.306), very similar to the simple Pearson correlation coefficient −0.575 (*p* \< 0.001) with a 95% CI (−0.756, −0.313), indicating that the confounding factors controlled for did not distort the simple linear association that had been detected, either because these confounding factors are uncorrelated with the smoking prevalence rate or have an offseting impact on the COVID-19 prevalence when the smoking rate was correlated with the confounding factors. Smoking prevalence was negatively correlated with the rate of COVID-19 testing but was positively correlated with Max Stringency-Index.](ntaa121f0001){#F1}

Regarding the other potential explanatory factors, results show that more economic activity, as measured by the GDP of a nation, was associated with a higher prevalence of COVID-19 cases per million people relative to nations with lower GDP (*p* = 0.002). Nations with a higher rate of COVID-19 testing had a higher prevalence of COVID-19 cases per million people (*p* = 0.0006) after controlling for the size of the economy, smoking habits, and policies to contain the spread of the virus. There was an association between a more stringent COVID-19 policy response, as measured by the maximum SI index during the January 1 to May 30 period ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), and less COVID-19 cases per million people, but this was not statistically significant (*p* = 0.122). There was no statistically significant association between degree of delay in policy enactment and COVID-19 prevalence.

Results for analyses restricted to the 25 EU nations were similar, with smoking prevalence retaining its significant association with COVID-19 prevalence (*p* =0.0287), but the two policy response variables were non-significant. Considering the 17 EURO nations, the results still hold for smoking prevalence (*p* = 0.0086), but there was evidence of association of increased occurrence of COVID with greater degree of delay in the policy response (*p* = 0.0535).

[Supplementary Table S2](#sup1){ref-type="supplementary-material"} also shows that nations with more COVID-19 cases per million people had more COVID-19 deaths per million people after controlling for all other factors. We found no evidence of a direct association between smoking prevalence and COVID-19 mortality in all 36 European countries or the EU or Eurozone nations (e.g., *p* = 0.6260 for all European nations). Other results include the following. Nations with a greater population \>65 years of age per million people had a significantly higher COVID-19 mortality per million people in the 38 European nations group (*p* = 0.003). Tests per million people was significantly negatively associated with deaths per million people, except within the Eurozone countries (i.e., *p* = 0.0023 for the 38 European nations, *p* = 0.0057 for the EU nations and *p* = 0.1014 for the Eurozone nations).

Discussion {#s4}
==========

We found a statistically significant negative correlation between the level of smoking in the adult population and prevalence of reported COVID-19 cases as of May 30, 2020 across 36 European nations after controlling for potential confounders such as economic activity, the rate of COVID-19 testing and strength of containment policies. The data did not show any association between smoking prevalence and COVID-19 mortality per million people. Furthermore, the evidence shows that a higher COVID-19 testing rate, acting as a potential indicator of policy action, results in a lower mortality rate when controlling for the COVID-19 prevalence rate and the other confounding factors. Nations with a higher age ≥65 population have a higher mortality rate when all 38 nations were examined but were not significant at the 5% level for the two other subgroups. This is most likely due to the greater variation in population \>65 years of age per million people among all 38 nations than in the EU or Eurozone nations making it difficult to detect a potential association.

The study has a number of limitations. As Berlin et al. stated,^[@CIT0003]^ conclusions cannot be drawn about any association as these studies, including this ecological study, which is at the macro level, are descriptive in nature and cross-sectional. Although an attempt was made to control for the most important factors such as size of the economy, policies, and the rate of COVID-19 testing, there could still be other important missing confounding factors that have not been controlled for, or residual confounding factors due to inadequate measurement of potential confounding factors.

Potential confounding factors omitted from this study include levels of air pollution, levels of comorbid diseases, COVID-19 clustering within a nation, and rate of international traveler arrivals. Ideally, an adjustment for the general level of interaction within each country's population would need to be carried out, but such data are not easily available in practice.

One of the most important confounding factors are the stringency policies, as assessed by the SI, to contain the COVID-19 pandemic within the participating countries which this study attempted to control for. However, we were unable to establish an association with a high degree of confidence. Most likely, this is because there was limited variation in the strength of policy responses between nations ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Another problem is that the policy response for most governments was likely to be reactive, rather than proactive, and most stringent policies may have been enacted in response to a high prevalence of COVID-19, making it difficult to detect a cross-sectional association between policies and the prevalence of COVID-19. Also, we did not control for the rate of relaxation of COVID-19 containment policies. The data show that all of the European nations examined in this research relaxed their containment policies before May 30, as per the SI. A potential issue with the strong negative association between smoking prevalence and the occurrence of COVID-19 in European nations is that confounding factors are poorly measured and residual confounding may be present. For example, it is possible that the level of testing might not be measuring the level of effective testing, or that the test employed may not be specific enough.^[@CIT0014]^ One possibility is that lower income countries, despite having fewer tests per million people, may also have poorer quality tests and less well-targeted testing. Hence, an adjustment exclusively based on the number of tests would not fully capture differences between countries in the effectiveness of the testing regime.

Finally, in this study, we examined the factors that are associated with total cases per million people at a single point in time, namely observations on May 30, 2020. It is possible that our results may be affected by the subsequent progression of the COVID-19 epidemic in each country. This could be investigated in a subsequent study once the epidemic has subsided. This highlights the importance of further investigations to assess whether the findings of this preliminary ecological study are supported by data in subsequent epidemiological research. For example, further ecological studies could be carried out to investigate variation in COVID-19 occurrence and mortality with smoking prevalence in the United States at the general population level, similar to this study.

In conclusion, given the evidence from this ecological study, and of several other studies that found an underrepresentation of smoking prevalence in hospitalized cases, it may be worth examining in laboratory experiments and controlled human trials if nicotine or other compounds in cigarette smoke offer any protection against COVID-19^[@CIT0007],[@CIT0013]^. However, we stress that no study, including this one, supports the view that smoking acts as a treatment intervention or prophylaxis to reduce the impact or ameliorate the negative health impacts of COVID-19.
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